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Abstract
We present the environmental dependence of colour, stellar mass, and star formation (SF)
activity in Hα-selected galaxies along the large-scale structure at z=0.4 hosting twin clusters
in DEEP2-3 field, discovered by Subaru Strategic Programme of Hyper Suprime-Cam (HSC
SSP). By combining photo-z selected galaxies and Hα emitters selected with broad-band and
narrow-band (NB) data of the recent data release of HSC SSP (DR1), we confirm that galaxies
in higher-density environments or galaxies in the cluster central regions show redder colours.
We find that there still remains a possible colour–density and colour–radius correlation even
if we restrict the sample to Hα-selected galaxies, likely due to the presence of massive Hα
emitters in denser regions. We also find a hint of increased star formation rates (SFR) amongst
Hα emitters towards the highest-density environment, again primarily driven by the excess
of red/massive Hα emitters in high-density environment, while their specific SFR does not
significantly change with environment. This work demonstrates the power of the HSC SSP NB
data to study SF galaxies across environment in the distant universe.
c© 2014. Astronomical Society of Japan.
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1 Introduction
In the ΛCDM universe, small structures form first, and then
they merge to form larger scale systems. Clusters of galaxies
are therefore the most massive systems in the universe, while
clusters also grow into larger-scale structures (or super clusters)
by merging themselves (Springel et al. 2005). It is well es-
tablished that galaxy properties significantly change along the
cosmic web, from rich clusters/groups to general fields. The
well-known morphology–density (e.g. Dressler 1980; Goto et
al. 2003; Bamford et al. 2009), colour–density (e.g. Tanaka et al.
2004; Baldry et al. 2006; Haines et al. 2007) or star formation
rate (SFR)-density (e.g. Lewis et al. 2002; Go´mez et al. 2003)
correlations seen in the local universe are expected to be estab-
lished during the course of cluster scale assembly. However,
the key physical mechanisms responsible for the environmental
effects (or environmental quenching) are still unclear.
Observations of large-scale structures in the distant universe
provide us with a number of insights into how galaxies grow
along the history of the formation of galaxy clusters or groups.
The Subaru Prime Focus Camera (Suprime-Cam; Miyazaki et
al. 2002) played an important role in identifying large-scale
filamentary structures in high-z universe, taking advantage of
its wide field of view and large light collecting power of the
Subaru Telescope. Kodama et al. (2001), Tanaka et al. (2005),
and Koyama et al. (2008) studied colour–density relation for
galaxies around rich X-ray selected clusters at z=0.4–0.8 with
Suprime-Cam, and all of these studies demonstrate that galaxy
colours start changing at relatively low-density groups or fila-
ments, suggesting that galaxy transition takes place not only in
extremely high-density environments like X-ray luminous clus-
ter cores, but also in relatively poor group-scale environments.
Narrow-band (NB) imaging, in particular combined with a
wide-field camera such as Suprime-Cam, is an efficient and
powerful approach to identify star-forming (SF) galaxies along
the cosmic web in the distant universe based on their strong
emission lines (e.g. Shimasaku et al. 2003; Kodama et al. 2004;
Hayashino et al. 2004; Matsuda et al. 2004; Ouchi et al. 2005;
Ideue et al. 2009; Hayashi et al. 2010; Koyama et al. 2011;
Sobral et al. 2011; Matsuda et al. 2011; Tadaki et al. 2012;
Yamada et al. 2012; Toshikawa et al. 2012; Kajisawa et al. 2013;
Darvish et al. 2014; Shimakawa et al. 2017; Stroe et al. 2017).
Unlike multi-object spectroscopy, NB imaging technique allows
one to construct a complete sample of galaxies down to a cer-
tain level of emission line flux (hence SFR) over the observed
field of view. Because emission line fluxes, most preferably
Hαλ6563 emission line, can directly be translated into SFRs,
we can study galaxies along the large-scale structures in the dis-
tant universe in a more quantitative way than the simple broad-
band colour approaches which suffer from degeneracy between
age, metallicity, and dust extinction. It is true that even Hα line
could significantly underestimate SFRs due to dust extinction
for extremely dusty and/or highly star-bursting population (e.g.
Puglisi et al. 2017), but the NB Hα survey is still the most effi-
cient way to study SF galaxies within a narrow redshift slice.
Koyama et al. (2011) performed a wide-field NB Hα imag-
ing survey of a very rich cluster at z = 0.4 (Abell 851) using
Suprime-Cam, and find that star-forming galaxies showing red
colours are strongly clustered in group-scale environment in
the cluster outskirts. Our follow-up study using Spitzer mid-
infrared data showed that those red star-forming galaxies are
dusty red galaxies, as many of them are individually detected at
24µm (Koyama et al. 2013). They also showed evidence that
Hα-selected galaxies in z = 0.4 cluster environments are more
highly obscured by dust than field counterparts at fixed stel-
lar mass, by comparing their average IR-based and Hα-based
SFRs. Sobral et al. (2016) also independently confirmed this
trend using Balmer decrement analysis (Hβ/Hα ratio) with op-
tical spectroscopic observations of the same targets.
Star-forming galaxies in general exhibit a tight correlation
between SFR and stellar mass (M⋆); so-called SF main se-
quence. The location of the SF main sequence changes with
cosmic time (e.g. Daddi et al. 2007; Elbaz et al. 2007; Whitaker
et al. 2012; Speagle et al. 2014), while there is very little en-
vironmental dependence at fixed redshift (e.g. Peng et al. 2010;
McGee et al. 2011; Koyama et al. 2013; Lin et al. 2014; Koyama
et al. 2014; Darvish et al. 2016; Duivenvoorden et al. 2016;
Wagner et al. 2017). Koyama et al. (2013) compared the SFR–
M⋆ relation for Hα-selected galaxies in clusters and fields at
z=0.4–2.2, and conclude that the environmental variation of
the SF main sequence is always small over the last ∼10-Gyrs
(with ∼0.2-dex at maximum). However, because of the limited
sample size of Hα galaxies available in distant clusters, their
work is based on a comparison between cluster galaxies (de-
fined as those within 2 Mpc from the clusters) and field Hα
emitters (selected from HiZELS; Sobral et al. 2013). Extending
the study with larger emission-line galaxy samples, covering
wide environmental range from rich clusters to isolated field
environments, is thus an essential step towards understanding
the effects of environment more globally, more completely, and
in a more unbiased way.
As the successor of Suprime-Cam, the new Subaru wide-
field optical camera, Hyper Suprime-Cam (HSC; Miyazaki et
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al. 2017), can now provide us with an ideal tool to study galaxy
environment in the distant universe. Because large-scale struc-
tures at the intermediate-redshift universe (at z ∼ 1) are known
to be extended over a few degrees scale on sky (e.g. Nakata
et al. 2005; Tanaka et al. 2009), the unprecedentedly wide field
coverage (1.5 deg) of HSC allows one to efficiently study galax-
ies across wide environmental range. In this paper, we present
an initial result on the environmental dependence of the prop-
erties of star-forming galaxies based on Hα-selected galaxies at
z = 0.4 selected with broad-band and narrow-band data of the
recent data release of HSC Subaru Strategic Programme (SSP)
(Aihara et al. 2017a; Aihara et al. 2017b). The goal of this pa-
per is to study colour, stellar mass, and star-forming activity in
galaxies over the huge cosmic web at z = 0.4, by taking full
advantage of the new HSC data.
This paper is organized as follows. In Section 2, we briefly
describe the HSC SSP survey data used in this study, and sum-
marize our z = 0.4 Hα emitter sample in the DEEEP2-3 field.
Our main results are presented in Section 3. In Section 3.1 and
3.2, we present a newly discovered super structure at z = 0.4 in
DEEP2-3 field hosting twin clusters revealed by the HSC-SSP
survey, and define the environment based on the local galaxy
number density and the distance to the twin clusters. After
presenting the colour–density and colour–radius relation for all
z ∼ 0.4 galaxies in Section 3.3, we discuss in Section 3.4 and
Section 3.5 the environmental dependence of various properties
amongst Hα-selected galaxies along the z = 0.4 cosmic web.
In Section 3.6, we compare our results with previous studies
focusing on the environmental effects on star-forming galaxies.
In Section 3.7, we discuss the effects of more local environ-
ments by studying the properties of Hα galaxies as a function
of the distance to their nearest neighbour galaxy. Finally, we
describe our conclusions in Section 4. Throughout the paper,
we adopt the cosmological parameters of ΩM = 0.3, ΩΛ = 0.7,
and H0 = 70 km s
−1Mpc−1, which gives a 1′′ scale of 5.4 kpc
at z = 0.4. All magnitudes are given in the AB system, and we
assume the Salpeter IMF (Salpeter 1955) throughout the paper.
2 Data
2.1 Selection of Hα emitters in DEEP2-3 field from
HSC-SSP narrow-band imaging data
We use the broad-band (grizy) and narrow-band (NB921) pho-
tometric catalogue from the internal data release of the HSC
SSP (S15B) released in January 2016 (Aihara et al. 2017a).
Hayashi et al. (2017) used this dataset to identify narrow-band
excess galaxies over 16.2 deg2 in all HSC Ultra-Deep/Deep
fields. We refer to Hayashi et al. (2017) for details of the proce-
dure of emission-line galaxy selection, but we here briefly sum-
marize our methodology to select Hα emitters at z = 0.4 from
NB921 data in the DEEP2-3 field covering 5.6 deg2 around
Fig. 1. Narrow-band excess (with respect to the continuum magnitude) plot-
ted against the NB921 magnitudes for galaxies in the DEEP2-3 field. The
red and dark-grey data points show the Hα emitters at z = 0.4 selected by
Hayashi et al. (2017) with NB921<23.5 and NB921>23.5, respectively. We
note that galaxies with NB921<23.5 are used in this study. The background
grey scale shows the distribution of all galaxies in the DEEP2-3 field. To
make this grey-scale plot, we apply 120×120 gridding and count the num-
ber of data points in each pixel. We follow this strategy in the following plots,
by adjusting the grid size according to the number of data points in each plot.
(R.A.=352◦ .2, Dec.=−0◦.2). This field is one of the HSC-Deep
survey layers, where we find a significant over density of Hα
emitters at z∼ 0.4 (Section 3.1). We note that the central wave-
length of the NB921 filter is 9214A˚ with its filter width of 135A˚,
corresponding to the Hα redshift range of z=0.393–0.414.
We first note that the HSC pipeline (hscPipe; Bosche et al.
2017) provides various types of photometric magnitudes in the
original HSC catalogue. In this paper, following Hayashi et
al. (2017), we use CMODEL magnitudes, computed by fitting
the bulge and disk components for individual sources by tak-
ing into account the PSF variation (see Bosche et al. 2017 for
more details on the HSC data processing). There are two types
of CMODEL magnitudes: ”unforced” and ”forced” photometry.
The former is independent measurements for individual sources
at their position in each band, while the latter performs pho-
tometry at the fixed position of the sources determined in the
i-band data1. Following Hayashi et al. (2017), we use CMODEL
”unforced” magnitudes for selecting NB emitters, while we use
CMODEL ”forced” magnitudes when we measure broad-band
colours.
After carefully masking the images and removing
junk/stellar objects (including cosmic rays, transient/variable
sources; see Hayashi et al. 2017), they first determine the
underlying continuum level at the wavelength of NB921 to
1 For sources not detected in i-band, the pipeline attempts to determine the
source position in r-band image as the second priority; the priority is in
the order of i, r, z, y, g. Because we apply broad-band magnitude cut (see
Sec. 2.1), all galaxies used in this paper are detected at i-band.
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Fig. 2. (Left): The distribution of photo-z for all NB921 emitters (grey histogram) and the Hα emitters at z = 0.4 selected by Hayashi et al. (2017) (red
hatched histogram). (Middle): Colour–colour diagram (g− r versus r− z) for the Hα emitters with NB921<23.5 (red circles) and all possible NB921 emitters
in the DEEP2-3 field (in grey scale). (Right): Difference between zspec and zphot plotted against g − i colours for galaxies with spectroscopic redshift of
0.38<zspec<0.42 in the DEEP2-3 field. The red symbols show the spectroscopically confirmed Hα emitters at z = 0.4 in the same field. The horizontal
dotted lines (∆zphot=±0.05) show our photo-z slice applied to select photometric members in this paper.
correct for the colour term to account for the small difference
in the effective wavelengths between broad-band (z) and
narrow-band (NB921) filters. Hayashi et al. (2017) use the
following equation to estimate the continuum levels at the
wavelength of NB921:
mNB921,cont =mz − (0.11× (mi−my)− 0.023). (1)
They define the NB921 emitters as those havingmNB921,cont −
mNB921>0.3 mag and significant (>5σ) NB excess with respect
to the continuum flux.
Fig. 1 shows narrow-band excess (mNB921,cont −mNB921)
against the NB921 magnitudes for galaxies in the DEEP2-3
field. To secure the completeness, we apply a magnitude cut
of NB921<23.5 mag (as shown with the vertical dashed line in
Fig. 1)2. Furthermore, we also apply broad-band magnitude cut
of g<26.8, r<26.6, i<26.5, z<25.6, and y<24.8, which cor-
respond to the 5σ limiting magnitude of the HSC-Deep broad-
band data. We find that the broad-band data are deep enough,
and >99% of the sources with NB921<23.5 satisfy the above
broad-band criteria.
For the NB921 emitters selected above, Hayashi et al. (2017)
determine the redshift of each galaxy by investigating their
spectroscopic redshifts (zspec), photometric redshifts (zphot),
and broad-band colours. As a sanity check, we show in Fig. 2
(left) the photo-z distribution of the NB921 emitters in the
DEEP2-3 field computed by ”DEmP” code (Hsieh &Yee 2014).
It is expected that the majority of the NB921 emitters are Hα
emitters at z∼ 0.4, Hβ/[OIII] emitters at z∼ 0.8, or [OII] emit-
ters at z∼ 1.5, which is recognized as three redshift peaks in the
grey histogram in Fig. 2 (left). For the NB921 emitters whose
photo-zs are not consistent with z = 0.4, we investigate their
broad-band colours to ”rescue” possible Hα emitters. Fig. 2
2 Hayashi et al. (2017) investigate the number counts of NB-detected
sources, and determine the completeness limit at the magnitude where
the number counts starts to drop (see Hayashi et al. 2017 for details).
(middle) shows g− r versus r− z diagram for all NB921 emit-
ters in the DEEP2-3 field, where we show the colour criteria
to select Hα emitters defined by Hayashi et al. (2017) (dotted
lines). The Hα emitters at z = 0.4 (shown with red circles) are
distributed at the top-left corner of this plot, and are well sepa-
rated from other line emitters at different redshifts (shown with
grey scale).
With these procedure, we finally identify 3,085 Hα emit-
ters at z = 0.4 in the DEEP2-3 field. In this paper, we use
this unprecedentedly large Hα emitter sample selected from
a contiguous area on sky to study environmental dependence
of the properties of Hα galaxies along the cosmic web. We
note that the current sample may include AGNs. Hayashi et al.
(2017) matched the NB emitters in the COSMOS field (selected
in the same way as presented here) with deep Chandra X-ray
source catalogue available in the COSMOS field (Marchesi et
al. 2016), and find that only ∼0.1% of the NB emitters have X-
ray counterparts. However, this provides a lower limit of AGN
fraction, because not all AGNs have X-ray emission (e.g. Garn
et al. 2010; Calhau et al. 2017). Broad-line optical AGNs may
still have a significant contribution particularly at the luminous
end of Hα emitters (Sobral et al. 2016). Unfortunately, it is
not possible to identify/remove individual AGNs from our Hα
emitter sample in DEEP2-3 field, and we should keep in mind
that some of the environmental trends that we discuss in the fol-
lowing sections may be contributed by AGNs.
2.2 Photometric redshift sample
In addition to the Hα emitters selected above, we also make use
of the photometric redshift (of non-emitters) to trace large-scale
structures at z = 0.4. Photometric redshifts of HSC sources are
published by several authors using independent photo-z codes
(Tanaka et al. 2017). In this paper, we use the S15B version
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Fig. 3. The two-dimensional distribution of Hα emitters in the HSC DEEP2-3 field. The small circles indicate the positions of Hα emitters. The colour contours
indicate 1, 1.5, 2, 3, 4, 5σ above the mean density distribution computed with all member galaxies (i.e. photo-z selected sample and Hα emitters). Here we
apply gaussian smoothing for all the data points with σ∼0.75 Mpc, and coadd the tail of gaussian wing at each position. Two yellow pentagons indicated as
CL1 and CL2 show the locations of two CAMIRA clusters at z ∼ 0.4 identified by the red-sequence finder method by Oguri et al. (2017). Possible strong
over-densities are also seen at the north-east and at the south edge of the field (CL3 and CL4). They are also likely in the same structure as CL1/CL2, but the
CL3/CL4 are not identified as CAMIRA clusters, and unfortunately there is no galaxies with spectroscopic redshift available around C3/C4 region. Large grey
circles show the object masks; we show only large masks with radius of >2-arcmin for clarity.
Fig. 4. The redshift distribution of galaxies with spectroscopic redshifts
within 1.5-Mpc (or correspondingly 4.6 arcmin) from the centre of CL1. In
the top panel, we show the result of gaussian fitting around the redshift spike
(solid line). The cluster redshift is determined to be z = 0.4067, with the ve-
locity dispersion of 1,389 km·s−1. The dot-dashed line curve shows the
NB921 filter transmission curve corresponding to their Hα redshift.
of the photo-z from the ”DEmP3” code (Hsieh & Yee 2014)
which seems to provide most reliable redshifts for red galaxies
at z ∼ 0.4, although we verify that our results do not change
depending on the choice of photo-z code.
We note that photometric redshifts estimated from optical 5-
band data alone may not be accurate enough, particularly for
star-forming galaxies with blue flat SEDs. This trend is seen
in our sample as demonstrated in Fig. 2 (right), where we plot
the difference between zphot (derived with ”DeMP” code) and
zspec against their g− i colours for spectroscopically confirmed
galaxies at 0.38<z < 0.42 in the DEEP2-3 field available from
the DEEP2 redshift survey (Davis et al. 2003; Newman et al.
2013) and the PRIMUS survey (Coil et al. 2011; Cool et al.
2013).
In this study, we apply a simple photo-z cut of
zphot=0.40±0.05 to select ”member” galaxies associated to the
z=0.4 structure (as shown with the horizontal dotted lines in
Fig. 2-right). With this photo-z cut, we can select the major-
ity (∼75%) of real members with g− i>2.0, while we tend to
3 Following the recommendation by the photo-z code developing team, we
use the mode of probability distribution function of zphot for point estimates
of photometric redshift.
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Fig. 5. Colours (g− i) of all member galaxies plotted against local density Σ5th (top panels) and the distance to the twin clusters (bottom panels). The left
panels show the results for all galaxies, with running average (±standard error computed as σ/
√
N for each subsample). The black dashed lines show the
25- and 75-percentile distribution in each environment bin. Galaxies in higher-density environments (or those with smaller distance to the twin clusters) tend
to show redder colours, demonstrating that our environment definition works reasonably well. The right panels show the results by splitting the sample into six
stellar mass bins as indicated in the plot. The trend becomes much milder (or almost disappears) at fixed stellar mass, although there still remains a hint of
correlation between colour and environment particularly for massive galaxies. The bin sizes for computing the running average are determined so that each
environment bin includes a minimum sample size of N=5. We follow this requirement in all the similar plots presented in this paper.
miss a relatively large fraction (∼60%) of blue member galax-
ies with g− i<
∼
1.5. An important advantage of the NB imaging
approach is that we can recover a large fraction of blue star-
forming galaxies without broadening the width of photo-z slice.
Our final sample includes 29,088 galaxies within the photo-
z slice of zphot=0.40±0.05 (with NB921<23.5 mag), and we
also include 3,085 Hα emitters regardless of their photo-z.
Because 1,235 (∼40%) of the Hα emitters satisfy the photo-
z criteria (i.e. overlapped), our final sample includes 30,938
galaxies in total. The photo-z criteria applied here may still be
too wide to trace a single structure, but we need to compro-
mise here; i.e. narrower photo-z slice would miss a large frac-
tion of real members, while wider photo-z cut will result in a
significant level of contamination from non-member galaxies.
We note, however, that our conclusions do not change much
even if we apply narrower/broader photo-z cut, because our
main goal of this work is to study environmental dependence
of Hα-selected galaxies. In this paper, we use the photo-z se-
lected galaxies to map the large-scale structures and to check
their colour–density correlation.
3 Results and Discussion
3.1 A super structure hosting twin clusters at z=0.4
in the DEEP2-3 field
In Fig. 3, we show the locations of Hα emitters (dots) on top of
the 2-D distribution of all photo-z selected galaxies (colour con-
tours). There are strong density peaks at around CL1=(RA1,
Dec1)=(352.33, +0.135) and CL2=(RA2, Dec2)=(352.096,
+0.390), both of which are also identified as clusters at z ∼ 0.4
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Fig. 6. Colours (g− i) of Hα emitters against their local density (top panels) and the distance to the twin clusters (bottom panels). The left panels show the
results for all Hα emitters. The black solid line shows the running average (±standard error computed as σ/
√
N), while the black dashed lines show the 25
and 75 percentile distribution. The right panels show the results for Hα emitters in three differentM⋆ bins with their running average.
by Oguri et al. (2017) using their red-sequence finding algo-
rithm ”CAMIRA” (Cluster finding Algorithm based on Multi-
band Identification of Red-sequence gAlaxies; see Oguri 2014).
A strong concentration of Hα emitters around the two clusters
suggests that the redshift of these two clusters are very close,
and they are likely physically associated with each other. There
are two similar levels of prominent over-densities at the north-
east and at the south edge of the field (shown as CL3 and CL4 in
Fig. 3), although these structures are not identified as CAMIRA
clusters.
The CL1 region is partly overlapped with the area of DEEP2
redshift survey (Davis et al. 2003; Newman et al. 2013) and
PRIMUS survey (Coil et al. 2011; Cool et al. 2013). We show
in Fig. 4 the spec-z distribution of galaxies located within 1.5
Mpc from the CL1 position suggested by Oguri et al. (2017).
There is a clear redshift spike at z=0.4067, which is consistent
with the redshift estimate by Oguri et al. (2017), and is perfectly
matched to the Hα redshift of the NB921 filter. We find that the
velocity dispersion of this cluster is σ∼1,389 km/s, which can
be converted to the cluster mass of M200∼4×10
15M⊙ assum-
ing that the cluster is virialized (Koyama et al. 2010). We cau-
tion that the estimated cluster mass may be overestimated, be-
cause CL1 is likely an unvirialized system under cluster–cluster
merger (with CL2). This is a common problem when deriv-
ing the mass of unvirialized clusters using velocity dispersion.
An independent measurement with e.g. X-ray observation is
needed to determine its cluster mass.
Although further spectroscopic observation is needed to
firmly conclude the physical association between the four can-
didate clusters reported here, we can at least say that all the den-
sity peaks are located within ±2000 km/s, because all of these
structures harbour an over-density of Hα emitters. We believe
that they are organizing a single gigantic structure at z = 0.4.
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Fig. 7. Stellar mass of Hα emitters as a function of Σ5th (left), cluster centric radius (middle), and g− i colours (right). The running average (with its standard
error), as well as 25 and 75% distribution, are shown in each panel. There seems to be a marginal trend thatM⋆ increases towards high-density environment,
while the significance is very low considering the systematic uncertainties in deriving stellar mass (see Section 3.3). The right-hand panel shows a strong
correlation between M⋆ and colours of Hα emitters, suggesting that the possible colour–density and colour–radius correlation for Hα emitters reported in
Fig. 6 can be at least partly driven by the massive Hα emitters in the high-density environment.
3.2 Definition of environment
In this study, we define the environment of each galaxy with
two different approaches. The first approach is to use local
galaxy number density. By using all the member galaxies (i.e.
all photo-z selected galaxies and Hα emitters), we first compute
the distance to its fifth nearest neighbour galaxy for each galaxy
(r5th), and define the local density as Σ5th=5/pir
2
5th. The sec-
ond approach is to use the projected distance to the twin clusters
discovered in Section 3.1(Rcl). We compute the projected dis-
tance from each member galaxy to CL1 and CL2 (R1 and R2),
and we define Rcl=min(R1, R2).
We note that there are advantages/disadvantages of each
method (see detailed discussion by e.g. Muldrew et al. 2012;
Darvish et al. 2015). The Rcl approach is simple and easily re-
producible, but it is not possible to take into account smaller
structures (groups or filaments) along the large-scale structures.
For example, the same value of Rcl for different galaxies does
not necessarily indicate that they belong to similar parent halo.
On the other hand, the local density approach is sensitive to all
possible structures, while it is also sensitive to the photo-z slice,
and will potentially detect over-densities of galaxies at slightly
different redshifts as long as we rely on photometric redshifts.
We emphasize that the two approaches can complement with
each other: the Rcl approach can be used to study more global
environment, while the Σ5th approach is suited to study local
environmental effects.
3.3 Colour–density and colour–radius correlation
with all galaxies at z=0.4
To check if our environmental definition properly works, we
show in Fig. 5 the g− i colours of galaxies (which straddle the
rest-frame 4000A˚ break at z = 0.4) against their local density
(Σ5th) and the distance to the twin clusters (Rcl). In the left pan-
els of Fig. 5, we show the results for all galaxies, while the right
panels show the results by splitting the sample into six stellar
mass bins. Here we derive stellar mass of galaxies using y-band
(rest-frameR-band) photometry with the following equation:
log(M∗/10
11M⊙)z=0.4 =−0.4(y− 19.91) +∆logM0.4, (2)
where the ∆logM0.4 term indicates the colour dependence of
M/L ratio for z = 0.4 galaxies:
∆logM0.4 = 0.045− 4.60× exp[−1.835× (g− i)]. (3)
These equations are derived using the model galaxies developed
by Kodama et al. (1999). This rest-frame R-band photometry
method is highly reproducible, and reported to work reasonably
well at all redshift range out to z ∼ 2 (with an uncertainty of
∼0.3-dex; e.g. Koyama et al. 2013).4
In Fig. 5, it is shown that galaxies in higher-density envi-
ronment (or galaxies located closer to the twin clusters) tend
to have redder colours, demonstrating that our definitions of
environment work reasonably well. It is also demonstrated
in Fig. 5 (right) that more massive galaxies are always redder
in all environments. It seems that there still remains a weak,
marginal correlation between colours and environment at fixed
stellar mass particularly for galaxies with stellar mass range of
9.5<
∼
log(M⋆/M⊙)<∼10.5 (as far as we only focus on the aver-
age colours), while low-mass galaxies with log(M⋆/M⊙)<∼9.5
are exclusively blue regardless of their environment, although
a larger sample would be required to confirm the different be-
haviour of different stellar mass bins.
4 We also confirm that the conclusions presented in this paper do not
change if we derive stellar mass of Hα emitters using the SED-fitting code
“MIZUKI” (by fixing their redshift at z = 0.4) developed by one of the au-
thors (Tanaka 2015).
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Fig. 8. SFR of Hα emitters (after dust extinction correction) plotted against their local density (top panels) and the distance to the twin clusters (bottom panels).
The left panels show the results for all Hα emitters, while the right panels show the result by splitting the sample into threeM⋆ bins as indicated in the panel.
The left panels suggest a possible increase of the average SFR towards high-density environments, while the trend becomes much milder (or disappears) at
fixed stellar mass (right panels).
3.4 Environmental dependence of colours of
Hα-selected galaxies
In the reminder of this paper, we study colour, stellar mass, and
star forming activity of Hα-selected galaxies as a function of
environment (Σ5th and Rcl). Fig. 6 shows g− i colours of Hα
emitters against their local density (top panels) and cluster cen-
tric radius (bottom panels). As we did in Fig. 5, the left panels
show the results for all Hα emitters, while the right panels show
the results for different stellar mass bins.
Fig. 6 demonstrates that there might remain a colour–density
and colour–radius trend for Hα-selected galaxies; i.e. Hα emit-
ters in higher-density environments (or those located closer to
the cluster central regions) tend to show redder colours than Hα
emitters in underdense regions on average, although the trend
becomes much milder (or almost disappear) compared with that
we reported for all member galaxies in Fig. 5. In particular, the
right panels of Fig. 6 demonstrate that the colour–density and
colour–radius relations do not exist any more when we fix their
stellar mass.
The right panels of Fig. 6 also show that more massive Hα
emitters have redder colours, irrespective of environment. It is
therefore expected that the possible colour–density or colour–
radius correlation amongst Hα emitters that we marginally see
in Fig. 6 are driven by the stellar mass difference of Hα galaxies
in different environment. To test this possibility, we plot in the
left- and middle-panels of Fig. 7 the stellar mass of Hα emitters
against their environment. Although the statistics is very poor
again, as we suspected, Hα emitters in higher-density environ-
ments tend to be more massive. A question here is whether or
not this stellar mass difference can explain the colour–density
trend we reported in Fig. 6. In the right panel of Fig. 7, we show
theM⋆ of Hα emitters against their g− i colours. It is clear that
there is a strong correlation betweenM⋆ and colour, and we ex-
pect this colour–M⋆ correlation for Hα emitters can be a major
driver of the weak colour–density or colour–radius correlation
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Fig. 9. Same plot as Fig. 8, but for the specific SFR of Hα emitters. The bottom panels suggest a possible decline in the specific SFR towards high-density,
cluster environments (by 0.1–0.2-dex), while the trend becomes much milder (or disappears) at fixed stellar mass (right panels).
amongst Hα emitters reported in Fig. 6 (see also e.g. Hogg et
al. 2004; Baldry et al. 2006; Scodeggio et al. 2009; Moresco et
al. 2010; Darvish et al. 2015).
3.5 Hα-based star formation activity of galaxies
along the huge cosmic web
An important advantage of narrow-band Hα imaging stud-
ies is that we can measure the SFRs of individual emit-
ters based on the emission line fluxes. We first derive the
Hα+[NII] flux (FHα+[NII]), emission-line subtracted contin-
uum flux density (fcont), and the rest-frame equivalent width
(EWrest(Hα+[NII])) of each Hα emitter with the following
equations:
FHα+[NII] =∆NB
fNB− fBB
1−∆NB/∆BB
, (4)
fcont =
fBB − fNB(∆NB/∆BB)
1−∆NB/∆BB
, (5)
EWrest(Hα+ [NII]) = (1+ z)
−1FHα,+[NII]
fcont
, (6)
where fNB and fBB denote the flux density of the NB921
and continuum magnitudes derived with Eq. (1) for individual
galaxies. The ∆NB(=135A˚) and ∆BB(=782A˚) are the band
widths of narrow-band (NB921) and broad-band (z′) filters. We
then multiply 4pid2L to convert the Hα+[NII] flux to the lumi-
nosity (LHα+[NII]), where dL=2.20×10
3 Mpc is the luminosity
distance at z = 0.4.
We need to correct for the [NII] line contribution and dust
extinction effect. These steps require complete spectroscopic
survey for all the emitters, which is not available. We there-
fore adopt statistical approaches to use local calibrations to pre-
dict [NII] contribution and dust extinction levels. For [NII]
correction, we use the correlation between [NII]/Hα ratio and
EWrest(Hα+[NII]) formulated by Sobral et al. (2012):
log([NII]/Hα) =−0.924+ 4.802E − 8.892E2
+6.701E3 − 2.27E4 +0.279E5 , (7)
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Fig. 10. The relation between the local galaxy density (Σ5th ) and cluster centric radius (Rcl) for Hα emitters. The colour coding indicates g− i colour (left),
stellar mass (middle), and specific SFR (right). We apply 20×20 gridding and compute average value in each grid. This plot visually demonstrates that both
the local galaxy density and the distance to the cluster can affect the physical quantities studied here (colour, mass, sSFR).
where E=logEWrest(Hα+[NII]). The derived contribution of
[NII] lines into total flux (=[NII]/(Hα+[NII])) for the Hα emit-
ters are 0.02–0.28 with the median of 0.24.
For dust extinction correction, we use the recipe to pre-
dict Hα dust extinction (AHα) from stellar mass (M⋆) and
EWrest(Hα) established by Koyama et al. (2015):
AHα = a(logM⋆)× log(EWHα)+ b(logM⋆), (8)
where a(logM⋆) = 0.096× logM⋆ − 0.717 and b(logM⋆) =
0.538× logM⋆−4.745 derived by fitting to SDSS star-forming
galaxies by taking into account the IMF difference (with typ-
ical uncertainties of ∼0.3-mag; see Koyama et al. 2015 for
details). The derived AHα ranges 0–2.4 mag with the median
AHα of 0.55 mag. After correcting the [NII] contribution and
dust extinction, we finally derive the Hα-based SFR using the
Kennicutt (1998) calibration assuming the Salpeter (1955) IMF,
to be consistent with the derivation of stellar mass:
SFRHα = 7.9× 10
−42LHα[erg/s]. (9)
We note that our Hα emitter selection criteria described in
Section 2 corresponds to the SFR limit of ∼0.1 [M⊙/yr], and
the EWrest limit of ∼40A˚.
Fig. 8 shows Hα-derived SFRs of Hα emitters against their
local density (Σ5th; top panels) and the distance to the twin
clusters (Rcl; bottom panels). Although the trend is not sig-
nificant, we find a possible increase of average SFRHα of Hα
galaxies towards high-density cluster environments (i.e. the “re-
versal” of SFR–density correlation), likely reflecting the fact
that Hα emitters in high-density environment are more massive
as reported in Fig. 7 and perhaps dustier (Koyama et al. 2013;
Sobral et al. 2016). However, we note that this marginal trend
disappears when we fix the stellar mass (Fig. 8-right). We also
note that, as we mentioned in Section 2.1, some of the mas-
sive, luminous Hα emitters in high-density environments which
seem to contribute to the different nature of Hα galaxies in the
highest-density environment could be contributed by AGNs.
We also show in Fig. 9 the specific SFRs (=SFRHα/M⋆) of
Hα emitters against their environment. The left panels of Fig. 9
show the results for all Hα emitters, while the right panels show
the results by splitting the sample into three stellar mass bins.
In the left panels of Fig. 9, we find no significant environmental
difference in the average specific SFRs of Hα emitters. There
might be a weak, marginal decrease of specific SFR towards
high-density cluster environment, but the difference (if any) is
only ∼0.1–0.2-dex level at maximum.
As shown in the right panels of Fig. 9, it is also important
to note that the trend becomes much less significant (or disap-
pears) if we fix their stellar mass. This is another manifestation
of the environmental independence of the star-forming main se-
quence reported by many recent studies (Section 1). We recall
that Hα emitters in higher-density environment could be more
massive (as reported in Fig, 7), and as shown in the right pan-
els of Fig. 9, the specific SFR of massive Hα emitters tend to
be slightly lower. We therefore suggest that the possible de-
cline in the specific SFR reported in the bottom-left panels of
Fig. 9 is primarily driven by the small excess of red/massive Hα
emitters in high-density environment as reported in the previous
sections.
3.6 Comparison with other studies on environmental
impacts on star-forming galaxies
In this paper, we suggest a possible environmental dependence
of colours of Hα emitters in the sense that Hα emitters in
higher-density environment tend to show redder colours than
those in low-density environment (Section 3.4). This result is
consistent with our previous work focusing on a single clus-
ter at a similar redshift, where we showed an enhanced red
Hα emitter fraction in high-density environments (Koyama et
al. 2011). We reported that the possible colour–density trend
amongst Hα-selected galaxies seems to be largely driven by the
increase of stellar mass of Hα emitters towards high-density
environment (suggesting a dominant role of stellar mass con-
trolling the environmental dependence of various galaxy prop-
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Fig. 11. (Left): Specific SFRHα plotted against the distance to the nearest Hα emitter of each Hα emitter. The meanings of the symbols are the same as the
previous figures. (Right): The same plot for three stellar mass bins.
erties; Muzzin et al. 2012; Sobral et al. 2011; Darvish et al.
2016; Smethurst et al. 2017). We also find that the average SFRs
of Hα emitters slightly increases towards high-density environ-
ment (Section 3.5), which is also consistent with some other
studies at z ∼ 1 (e.g. Elbaz et al. 2007; Cooper et al. 2008; Li et
al. 2011; Koyama et al. 2013).
The environmental independence of specific SFR at fixed
stellar mass (Section 3.5) is also consistent with many recent
studies claiming no or little environmental dependence of the
SF main sequence (e.g. Balogh et al. 2004; Peng et al. 2010;
Wijesinghe et al. 2012; Muzzin et al. 2012; Koyama et al. 2013;
Lin et al. 2014; Stroe et al. 2015; Darvish et al. 2016). However,
we should note that some studies suggest a possible decline in
the SF activity of cluster/group SF galaxies both in low-z and
high-z universe (Vulcani et al. 2010; von der Linden et al. 2010;
Haines et al. 2013; Lin et al. 2014; Ziparo et al. 2014; Tran et
al. 2015; Allen et al. 2016; Paccagnella et al. 2016; Jian et al.
2017). Although the difference of sSFR between cluster and
field galaxies suggested by these studies are not large (∼0.1–
0.3-dex levels), it may be important to understand the possible
biases associated to each study.
We expect that there are many possible causes of this dis-
crepancy: e.g. different procedure of SF galaxy selection, dif-
ferent definition of environment, different stellar mass range,
or different method of SFR measurement exploited by different
authors (see also Darvish et al. 2016; Tran et al. 2017). The
NB-based Hα approach (like our current work) tends to select
galaxies with high EW(Hα) by nature, and potentially miss low
EW(Hα) galaxies, while an important advantage of Hα selected
sample is that they do not suffer from contamination due to
photo-z error (Section 2). Also, Hα-based SFRs are advanta-
geous in that it can provide more direct measurements of SFRs
compared to SED-based (or colour-based) SFRs, but a potential
problem is that there always remain uncertainties regarding the
[NII] line contribution and/or dust extinction correction.
A potentially interesting implication from recent studies (in-
cluding our current work) is that the effect of environment acts
on galaxy colours, mass, or some other spectroscopic proper-
ties. For example, dust extinction levels of SF galaxies are
higher in higher-density environment (Koyama et al. 2013;
Sobral et al. 2016), with potentially higher dust temperatures
(Rawle et al. 2012; Matsuki et al. 2017). Some spectroscopic
studies also suggest higher gas-phase metallicity in cluster SF
galaxies than those in field galaxies (Ellison et al. 2009; Kulas
et al. 2013; Shimakawa et al. 2015; Darvish et al. 2015), al-
though environmental impacts on the chemical abundance or
dust properties in star-forming galaxies are still under debate
(e.g. Patel et al. 2011; Noble et al. 2016; Valentino et al. 2015).
Furthermore, Darvish et al. (2015) showed that galaxies in high-
density environment show significantly lower electron densities
compared with field galaxies. In these ways, our focus is now
shifting from the simple comparison between cluster galaxies
and field galaxies on the SFR–M⋆ diagram to unveiling the
environmental effects on other important parameters of galax-
ies. We believe that future spectroscopic survey with the Prime
Focus Spectrograph (PFS) on Subaru, or wide-field MIR–FIR
survey of this field will allow a more complete census of SF
activity in individual galaxies across environment.
3.7 The role of global and local environment
We used the local galaxy number density (Σ5th) and the dis-
tance to the twin clusters (Rcl) as indicators of environment in
this study. For the results presented throughout this section,
it seems that the choice of environmental definition does not
strongly affect our results, but it is also interesting to inves-
tigate the different role of Σ5th and Rcl. We attempt this in
Fig. 10 by plotting average colour, mass, and sSFR of Hα emit-
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ters on the Σ5th–Rcl plane. This plot visually demonstrates that
all these galaxy quantities change near the cluster central re-
gions (Rcl<∼1 Mpc) and high-density environment (Σ5th
>
∼
1.8–
2.0), suggesting the local and global environment both play an
important role (see consistent results by e.g. Balogh et al. 2004;
Fadda et al. 2008; Alpaslan et al. 2016), although the relative
importance of the local/global environment is not fully under-
stood (e.g. Kauffmann et al. 2004; Blanton et al. 2006; Cucciati
et al. 2010).
To study the effect of ”more local” environment, we here
compute the distance to the nearest neighbour Hα emitter
(Dnearest) of individual Hα emitters, and study their proper-
ties as a function of Dnearest. This is another advantage of NB
imaging survey; this kind of analysis is highly uncertain with
photo-z information alone because of severe chance of projec-
tion effects. The NB-based Hα emitter sample presented in this
study are expected to be within a very narrow redshift slice,
and we can more reliably use the projected distance to search
for a close companion. In the left panel of Fig. 11, we plot
the specific SFRHα of all Hα emitters as a function ofDnearest .
Although the trend is weak again, there might be a mild increase
of the specific SFR for Hα emitters having a close companion
emitter within ∼30-kpc. This result suggests that SF activity
is elevated in interacting systems, while it may be interesting
to note that massive Hα emitters show different behaviour (see
right panel of Fig. 11). Unfortunately, with the current sample
size, it is not possible to go further in detail on the nature of Hα
emitter pairs (and its relation to their global environment), but
we stress that the HSC NB data is ideally suited for this pur-
pose, and it is clearly our important future work after the HSC
survey is completed.
4 Conclusions
Using the broad-band and narrow-band (NB921) data from the
internal release of HSC SSP survey (DR1 S15B), we present
the initial results on the environmental dependence of properties
of Hα-selected galaxies at z = 0.4 along the cosmic web over
>5-deg2 in the DEEP2-3 field. Our results are summarized as
follows:
(1) By mapping the Hα emitters selected by Hayashi et al.
(2017) and photo-z selected galaxies at z ∼ 0.4, we identify
prominent structures hosting (at least) two clusters at z = 0.4 in
the DEEP2-3 field. These two clusters are independently iden-
tified with a red-sequence finder method by Oguri et al. (2017),
for one of which we confirmed their physical association by us-
ing available zspec information in this paper.
(2) We define the environment of galaxies using local galaxy
number density (Σ5th) and the distance to the twin clusters
(Rcl). We confirmed that galaxies in higher-density environ-
ments, or galaxies with smaller distance to the twin clusters,
tend to show redder colours.
(3) We find a possible trend that Hα-selected galaxies in higher-
density environments or in the cluster central region tend to
show redder colours and higher SFRHα, likely driven by a mild
increase of average stellar mass of Hα galaxies towards high-
density environment. This result implies that the “reversal” of
SFR–density correlation reported in the high-z universe can be
driven by massive/red Hα galaxies in the highest-density envi-
ronments, although the sample of Hα galaxies in the highest-
density environments is currently too small.
(4) We find that the average specific SFRHα of Hα emitters
does not significantly change with environment. Although there
might be a marginal decline in the specific SFRs (by 0.1–0.2 dex
levels at maximum) towards the highest-density cluster environ-
ment, the trend becomes much milder (or disappears) once we
fix their stellar mass. This result is consistent with many re-
cent studies claiming environmental independence of SF main
sequence.
(5) There is a mild increase of specific SFR of Hα emitters for
those having close companion emitter within <
∼
30 kpc, suggest-
ing an elevated SF activity in galaxies due to galaxy–galaxy in-
teraction processes.
This paper demonstrated the power of HSC, in particular
combined with its narrow-band data, to study galaxy environ-
ment in the distant universe. By incorporating the future data
release, we can extend the study towards more complete under-
standing of the galaxy evolution across a wide environmental
range from rich clusters, groups, pairs, to isolated galaxies.
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